The fertility of sex-reversed XY female mice is severely impaired by a massive loss of oocytes and failure of meiotic progression. This phenomenon remains an outstanding mystery. We sought to determine the molecular etiology of XY oocyte dysfunction by generating sex-reversed females that bear genetic ablation of Sry, a vital sex determination gene, on an inbred C57BL/6 background. These mutant mice, termed XY sry− mutants, showed severe attrition of germ cells during fetal development, resulting in the depletion of ovarian germ cells prior to sexual maturation. Comprehensive transcriptome analyses of primordial germ cells (PGCs) and postnatal oocytes demonstrated that XY sry− females had deviated significantly from normal developmental processes during the stages of mitotic proliferation. The impaired proliferation of XY sry− PGCs was associated with aberrant β-catenin signaling and the excessive expression of transposable elements. Upon entry to the meiotic stage, XY sry− oocytes demonstrated extensive defects, including the impairment of crossover formation, the failure of primordial follicle maintenance, and no capacity for embryo development. Together, these results suggest potential molecular causes for germ cell disruption in sex-reversed female mice, thereby providing insights into disorders of sex differentiation in humans, such as "Swyer syndrome," in which patients with an XY karyotype present as typical females and are infertile.
Introduction
Widely conserved in mammals, the gene Sex determining region Y (Sry) encodes a key protein for the sex determination of gonads, which have the potential to develop in one of two mutually exclusive, sex-specific directions. SRY shunts these "bipotential" gonads into male sex-inducing testis formation [1, 2] . In mice, Sry expression occurs in gonadal somatic cells of the genital ridges at embryonic day (E) 11.0-12.0 [1, 3] , and triggers the activation of a male sex differentiation program by inducing expression of the genes SRY-related high-mobility group box 9 (Sox9) and fibroblast growth factor 9 (Fgf9) [1, 2] .
Notably, Sry mutations are known to result in male-to-female sex-reversed individuals. Mouse models of these sex-reversed XY female mice were first produced from chimeric mice via embryonic stem (ES) cells that carried a mutation at the gene testis-determining region of the Y chromosome (Tdy), induced using a retroviral vector [4] [5] [6] . More recently, a TALEN-mediated gene editing procedure has been used to target specific Y chromosome genes, resulting in the production of anatomical XY females via deletion of the HMG domain of Sry [7, 8] . These animals were found to be either infertile or subfertile [8] [9] [10] [11] [12] . XY female mice have also been produced by the deletion of autosomal Sry-related genes. For example, the deletion of Sox9 in the gonadal somatic cells of male embryos resulted in their development into XY females [9] . Additionally, the alteration of histone epigenetic signatures through deletion of the JmjC-containing H3K9 demethylase Jmjd1a, which positively regulates Sry expression, also resulted in XY female mice [10] . Furthermore, it is known that maleto-female sex-reversed mice are produced when the Mus musculus domesticus or poschiavinus-type Y chromosome is transferred to the C57BL/6 (B6) background, as in the B6-Y AKR , B6-Y POS , or B6-Y TIR models [11] [12] [13] [14] [15] . Specifically, these XY female mice exhibit an anatomically female phenotype with ovary formation; however, they are infertile or subfertile, exhibiting extensive loss and dysfunction of germ cells in the ovary [4, 7, 8, [16] [17] [18] [19] [20] . Overall, it is evident that XY females form well-constructed fetal gonads consisting of germ cell cysts and surrounding somatic cells, including pre-granulosa cells and stromal cells, but fertilized XY oocytes are not capable of early embryonic development [8, 18, 21, 22] . In spite of a growing number of studies of male-to-female sexreversed mice, a consensus has failed to converge on the phenotypic features of XY females due to the variety of genetic backgrounds analyzed in these studies. Furthermore, little is known about the molecular etiology of oocyte dysfunction and impaired fertility in XY females. Thus, to overcome the confounding influence of variable genetic backgrounds, and to identify molecular mechanisms that underlie the fertility problems of male-to-female sex-reversed mice, we produced Sry-mutated XY sry− females using the CRISPR/Cas9 system on an inbred C57BL/6 background. To define germ cell dysfunction in XY sry− females, we performed comprehensive transcriptomic analyses of germ cells and gonadal somatic cells. The present study shows potential molecular causes that underlie germ cell disruption in sex-reversed mice, demonstrating that primordial germ cells (PGCs) of sex-reversed mice substantially deviate from normal developmental processes in stages of mitotic proliferation prior to entry into the stage of meiotic differentiation.
Materials and methods

Animals and ethic statements
This study was carried out in strict accordance with the Tokyo University of Agriculture Guide for Care and Use of Laboratory Animals. The protocol was approved by the Committee on the Ethics of Animal Experiments of the Tokyo University of Agriculture (Permit Number: 260064SE). At the time of sample collection, all animals were sacrificed by cervical dislocation, and all efforts were made to minimize suffering.
Generation of Sry mutant mice (XY sry− females) by CRISPR/Cas9 system
To generate the Sry targeting vector, we used a pX330-U6-Chimeric BB-CBh-hSpCas9 (pX330) plasmid, kindly provided by Dr Masahito Ikawa (Research Institute for Microbial Diseases, Osaka University). An sgRNA sequence was designated within the SRY HMGbox domain (5 -TGGTGTGGTCCCGTGGTGAG-3 ), inserted annealed double-strand DNA with four overhangs into the BbsI site of the pX330 plasmid. C57BL/6 female mice were superovulated and mated with C57BL/6 male mice; then, zygotes were collected from ampulla of the oviducts. The microinjection of the Sry-targeting pX330 plasmid (2 ng/μl) into male pronuclei of PN3-5 stage zygotes was carried out under standard procedures. The injected zygotes were cultured in potassium simplex optimized medium (KSOM) at 37
• C and embryos that developed into the two-cell stage were transferred into the oviducts of pseudopregnant ICR female mice (Supplementary Figure S1 ).
Germ cells and gonadal somatic cells collection
To collect E13.5 PGCs, postneonatal day 1 (P1) oocytes, and gonadal somatic cells, gonads from 13.5 dpc and 1 dpp post-embryo transfer were digested in 1 mg/ml collagenase solution (Wako, Oosaka, Japan) at 37
• C for 40 min, followed by treatment with 0.25% Figure S1 ). Ovulated MII oocytes were extracted from the oviducts of XX and XY sry− female mice according to the methods described in our previous report [23] . 
Accession number
The RNA-seq data from this study have been deposited in the DDBJ under the accession numbers DRA005345 and DRA005822.
Results
Phenotype of Sry-targeted mice
To identify molecular mechanisms that underlie the fertility problems of sex-reversed XY female mice on an inbred C57BL/6 background, we deleted a portion of the Sry sequence adjacent to the transcription start site via the CRISPR/Cas9 system (Supplementary Figure S2A) . Sequence analyses detected either small deletions, ranging from 1 to 14 bps (n = 63, 95%), or large insertions of ≥ 500 bps (n = 3, 5%) in the Sry gene (Supplementary Figure S2B and C). Of these, 7 bp deletions (n = 23, 41%) were the most frequent. In total, we generated and examined 65 sex-reversed XY sry− female mice for our analyses. Detailed information regarding deleted bases and position is shown in Supplementary Figure S2C . As designed the deletion started from 3 bases after a specific protospacer adjacent motif (PAM) sequences. Importantly, by converting DNA nucleotide sequences to amino acid sequences, we confirmed that all mutant lines contain frameshift mutations within the HMG-box coding region of Sry and resulting in loss of function. This result revealed that our CRISPR strategy is extremely efficient for producing functionally Sry-deficient mice (37.8%, 65 of 172 XY pups, Supplementary Figure S2D ) in comparison with gene targeting by homologous recombination using ES cells. In all cases, these mice presented as anatomically normal females, although we detected aplasia in their reproductive organs ( Figure 1A) . Moreover, we confirmed that our XY Figure 1C) ; subsequent oocyte numbers at P1 were decreased to one-fifth that of controls, and P8 oocyte numbers were decreased to one-sixth that of controls.
Immunofluorescence staining of DDX4, a germ cell marker, indicated that fewer germ cells were apparent in XY sry− female gonads.
In particular, most primordial follicle oocytes were lost by P8 in XY sry− females ( Figure 1D ). The decrease in PGCs in XY sry− female ovaries progressed quickly after mid gestation, finally resulting in ovarian atrophy accompanied by oocyte depletion by 6 weeks of age ( Figure 1E ). These results revealed that the infertility of sex-reversed XY sry− female mice was due to a complete depletion of germ cells. Figure S3 ). Previously, we demonstrated pronounced sex-specific gene expression profiles in E13.5 female and male PGCs, and we determined groups of female PGC-specific expressed genes (FSGs) and male PGC-specific expressed genes (MSGs) [24] . Using these lists of FSGs and MSGs, the present transcriptome data revealed that many FSGs were significantly upregulated in XY sry− PGCs at E13.5 (n = 245/651), while many MSGs were significantly downregulated (n = 157/428: data not shown). Transcriptome profiles were very similar between XX and XY sryfemales, while the several marker genes for PGCs ( Figure 2B ) and gonadal somatic cells ( Figure 2C ) in XY sry− females were differentially expressed. The expression of POU domain, class 5, transcription factor 1 (Pou5f1), which encodes a transcription factor necessary for germ cell differentiation and survival [25] , was significantly upregulated in E13.5 PGCs and downregulated in P1 oocytes of XY sry− females. As well, deleted in azoospermia-like (Dazl), which encodes an RNA-binding protein critical for the mitosisto-meiosis transition [26] , was significantly decreased in XY sry− PGCs ( Figure 2B ). In P1 XY sry-female gonadal somatic cells, expression of forkhead box L2 (Foxl2), a gene that encodes a forkhead transcription factor required for female sex differentiation and ovarian function [27] , and expression of EGF-like-domain, multiple 6 (Egfl6), which encodes an epidermal growth factor implicated in ovarian differentiation [28] , were both significantly decreased ( Figure 2C ). As expected, the expression of representative Sertoli cell-marker genes was no longer detectable in XY sry− females ( Figure 2C ). These findings demonstrate that the dysregulation of several genes required for germ cells and gonadal somatic cells was associated with germ cell defects in XY sry− females. Next, we focused on differentially expressed genes in E13.5 XY sry− PGCs, which were screened based on two parameters: (1) a FC of > 2, and (2) statistical significance determined using a moderated t-test with a Benjamini-Hochberg FDR of <0.05 ( Figure 2D ). In E13.5 XY sry− PGCs, 2537 (21% of all transcripts) were upregulated and 2031 (17% of all transcripts) genes were downregulated ( Figure 2D , Supplementary  Table S4 ). In P1 oocytes, the number of upregulated genes decreased to 411 (3.2%), and the number of downregulated genes decreased to 368 (2.9%; Figure 2D , Supplementary Table S5 ). Of the genes that underwent significant changes in expression, most were classified as protein-coding (84%-98% of all transcripts, Supplementary Figure S4A ). Interestingly, we observed an enriched proportion of noncoding RNAs (11.3%) among the downregulated genes of E13. Table S6 ). However, we observed a marked increase in the numbers of differentially expressed genes in the P1 stage, particularly for upregulated genes (797 upregulated and 209 downregulated, Figure 2D ; Supplementary Table S7 ). These results demonstrate that sex-reversed germ cells and gonadal environments conceal transcriptional anomalies prior to obvious phenotypic defects. These findings raised the possibility that significant changes to the epigenome lead to global gene expression changes. To test this possibility, we examined the expression of DNA methylation-and histone modification-related genes in E13.5 XY sry− PGCs. No significant changes were found amid DNA methylation-and demethylationrelated genes, save for Dnmt3b and Tet3, whose expression were very low even in WT female PGCs. However, expression of genes related to histone modifications implicated in both active 
Y-linked genes
Contrary to XY sex-reversed female mice, XO female mice are fertile [29, 30] , although this fertility does not apply to humans. Therefore, Tables S8 and S9) . Up-and downregulated genes were enriched for the following categories of biological processes (Supplementary Figure S7A and B): For upregulated genes, the categories were "Tissue morphogenesis" and "Enzyme linked receptor protein"; for downregulated genes, the categories were "DNA metabolism," "Cell cycle process," and "Chromosome organization." GO term interaction analysis formed three large networks with regard to "Regulation of gene expression," "Tissue morphogenesis," and "Cell cycle and cell division" ( Supplementary Figure S7C ). In particular, many "Wnt/β-catenin signal"-related genes were upregulated ( Figure 3A , Supplementary Table S4) in PGCs of XY sry− females at E13.5. Although expression of β-catenin (Ctnnb1) was not changed (Supplementary Table S2 ), immunofluorescence staining revealed that the β-catenin protein was specifically located in the nuclei of PGCs in XY sry− females but not in XX females ( Figure 3B and C). This observation suggests that β-catenin has an adverse effect on cell proliferation. Conversely, our observation of downregulation of many genes related to meiosis suggests that the transition of PGCs to meiosis at E13.5 was delayed in XY sry− females ( Figure 3D , Supplementary Table S4 ). In support of this, immunofluorescence of Ki67, which is expressed by proliferating cells in all phases of the active cell cycle (G1, S, G2, and M), revealed that many germ cells in XY Figure S8B and C) . Interestingly, expression levels of many endogenous retrovirus (ERVs) and LINE-1 retrotransposons were notably elevated in E13.5 XY sry− PGCs ( Figure 3F ). ERV1 and satellite DNA were upregulated in P1 oocytes. Furthermore, α-thalassemia mental retardation X-linked (Atrx), which is involved in retrotransposable element silencing, and suppressor of variegation 3-9 homolog 1 (Suv39h1), which is an H3K9 methyltransferase involved in chromatin remodeling of constitutive heterochromatin structures, were both markedly repressed in E13.5 XY sry− PGCs ( Figure 3G , Supplementary Figure 3J and K), indicating an extensive impairment of crossover formation in XY sry− oocytes.
In accord with widespread meiotic defects, histopathological analysis ( Figure 4A ) and immunofluorescence staining against DDX4 ( Figure 4B, Supplementary Figure S9 ) demonstrated that only a few oocytes were observed in the cortical region of P1 XY sry− ovaries, and barely any oocytes were detected in the medullary region (Supplementary Figure S9 ). Masson trichrome (MT) staining showed that connective tissues and collagen fibers were increased in the medullary region of XY sry− ovary ( Figure 4A ). Interestingly, XY sry− oocytes in the cyst were apparently smaller than those of XX females, and the proportion of the oocytes in the cyst was significantly high ( Figure 4C ), suggesting that oocyte cyst breakdown was largely impaired. Furthermore, a high proportion of apoptotic oocytes was detected in the cortical region of control XX ovaries, although only a few were detected in XY sry− ovaries at P1 ( Figure   4B and D, Supplementary Figure S9 ). These observations were supported by transcriptome data. Many "Cell adhesion" -related genes and folliculogenesis-related genes were dysregulated in P1 XY sry− oocytes ( Figure 4E , Supplementary Table S8 ). GO analysis revealed that upregulated genes in the P1 XY sry− oocytes were enriched with particular annotations, including "Cell adhesion" and "Negative regulation of apoptosis" (Supplementary Table S8 ). Furthermore, histopathological analysis of the P8 ovary demonstrated that only a few growing primary follicles exist in the cortical region, and the primordial oocyte reserve mostly disappeared from the entirety of P8 XY sry− ovaries ( Figure 4F and G). These findings suggest that oocyte cyst breakdown and subsequent maintenance of oocyte pools were largely impaired in neonatal XY sry− ovaries.
Mature oocyte dysfunction
XY sry− females were infertile but possessed antral follicle oocytes at 3 weeks of age ( Figure 1E ). To determine the capabilities for fertilization and embryo development of XY sry-antral follicle oocytes after ovulation, we first examined whether the XY sry− females respond to exogenous gonadotropins administered at 4 weeks. The ovulated XY sry− oocyte diameters (including the zona pellucida) were similar to those of WT oocytes (Supplementary Figure S10A) , although the number of ovulated oocytes was less than half of the WT (XX n = 3: 51.5 ± 2.5 (mean ± SEM) vs XY sry− n = 3: 20.5 ± 9.1 (mean ± SEM), Student t-test P < 0.01). MII oocytes evinced aberrant spindle formation: diffused poles, skewed spindles, disrupted spindles, and misaligned and decondensed chromosomes (Supplementary Figure S10B and C). After in vitro fertilization (n = 3), 34.7% (16/46) of the MII oocytes showed the capability for fertilization and formed male and female pronuclei. Ten developed to the 4-cell stage, and one grew to a blastocyst (Supplementary Figure  S10D) . Immunostaining against OCT4 showed that OCT4-positive cells were observed even in the outer cell layer of the XY sry− femalederived blastocyst (Supplementary Figure S10E) . This result suggests that differentiation into inner cell mass cells and trophectoderm cells failed in the XY sry− female-derived embryo.
To unravel molecular mechanisms underlying the mature oocyte dysfunction in XY sry− females, we conducted single-oocyte transcriptome analyses using 27 XY sry− and 30 XX oocytes. Principal component analysis revealed almost identical gene expression profiles in XX single-oocyte libraries ( Figure 5A , Supplementary Table  S10 ). However, each XY sry− oocyte profile largely varied for the second principal component (PC2) ( Figure 5A ). The maternal effect genes, which are important for early development, were expressed at similar levels to those of XX oocytes ( Figure 5B ). K-means clustering analyses revealed that 15 XY sry− oocytes were classified into a cluster distinct from the WT cluster consisting of 29 oocytes (Figure 5C ). The other mutant oocytes formed a subcluster that differed from the WT cluster. GO analysis using differentially expressed gene sets from XY sry− oocytes provided terms related to oocyte dysfunctions ( Figure 5C ); for example, upregulated genes included the categories "meiotic cell cycle" and "apoptotic process"; on the other hand, downregulated genes included the categories "protein ubiquitination," "sister chromatid cohesion," and "meiotic nuclear division." Furthermore, retrotransposable elements such as LINE-1, ERV, and satellite DNA were highly expressed in 18 XY sry− oocytes, and only one WT oocyte was classified in this cluster ( Figure 5D , Supplementary Table S12) . Thus, single-oocyte RNA-seq data demonstrated that most XY sry− MII oocytes exhibited extensive transcriptional anomalies, which likely impair the progression of the second meiotic division and early development.
Discussion
Paradoxically, germ cells from any type of sex-reversed mice-i.e. both XX males and XY females-exhibit morphologically normal sexual features yet, in many cases, germ cell development fails and fertility is severely or entirely impaired [4, 7, [16] [17] [18] [19] [31] [32] [33] . Here, by combining a detailed phenotypic analysis using contemporary molecular cytogenetic and histological methods with transcriptomic profiling, we provide new insights to understand the basis of germ cell failure.
Impaired primordial germ cell proliferation and the mitosis-to-meiosis transition in XY sry− germ cells
The decrease in XY sry− PGCs follows the transition from the mitotic stage to meiosis-it is conceivable that the Wnt/β-catenin signaling pathway is involved in the decline of PGC proliferation in XY sry− females; this is because a large number of genes that comprise the pathway evince significant increases in expression ( Figure 3A) . Although the expression of β-catenin itself was not increased, nuclear localization of β-catenin was observed in the XY sry− PGCs. It has been reported that the stable localization of β-catenin in the nuclei of mitotic-stage PGCs blocks the transition from the G1 to S stages, thereby leading to inhibitory effects on germ cell proliferation in mice [34] . Furthermore, the nuclear localization of β-catenin is inhibited by phosphorylation of a portion of the protein encoded by exon 3, and this phosphorylation is catalyzed by glycogen synthase kinase 3β (GSK-3b) [35] . Therefore, the finding that Gsk3b expression was decreased in XY sry− PGCs suggests that β-catenin localization into the nuclei of these cells arises from a lack of inhibition, leading to likely and extensive impacts on gene regulation. Asterisks indicate statistically significant differences in XX oocytes, XY sry − oocytes, and XY spermatogonia (Tukey-Kramer test, * P < 0.05, * * P < 0.
01). (F)
Representative MT sections of ovaries of P8 XX and XY sry − females. Bottom panels represent magnified images of dashed rectangles in the upper panels. White arrows indicate primordial follicles; white arrowheads indicate primary follicles. Scale bar, 100 μm. (G) Numbers of respective oocytes per one ovarian section at P8. Asterisks indicate a statistically significant difference between XX and XY sry − oocytes (Student t-test, * * P < 0.01, n = 3).
In tumor cells, overexpression of β-catenin induces a delay in the cell cycle as well as apoptosis, independent of the actions of Tcf and Lef1 [36, 37] . Therefore, we infer that the Wnt/β-catenin signaling pathway comprises a critical factor in the decreased proliferation of PGCs in XY sry− females.
In mice, PGCs reach their maximum numbers (∼12 000) and enter the prophase stage of meiosis I at E13.5-14.5; afterwards, they continuously decrease in number, resulting in a population of less than one-third of the maximum number of cells around the time of birth [25, 38, 39] . In the present study, we show that most germ cells in XY sry− ovaries were positive for Ki67, suggesting that these ovaries undergo mitotic proliferation. Previous studies demonstrated that expression of pluripotent-related genes, such as Pou5f1 and Nanog, prevented meiotic gene expression and entrance into the meiotic phase [28] ; furthermore, Dazl-deficient female PGCs maintained Ki67 signals into even E15.5 [29] . Our transcriptome data demonstrated that expression levels of Pou5f1 were significantly upregulated, while expression levels of Dazl were significantly downregulated in XY sry-PGCs ( Figure 2B ). These results suggest that upand downregulation of, respectively, Pou5f1 and Dazl in XY sry− PGCs led to impairment of the mitosis-to-meiosis transition and prolonged the mitotic phase into and beyond E13.5-14.5. Furthermore, excessive activation of retrotransposable elements preceded meiotic defects in XY sry− pachytene oocytes. We have demonstrated that a marked increase in the expression of LINE-1 and ERV retrotransposons (>10-fold) in XY sry− females is associated with germ cell depletion. Forced enhancement of LINE-1 expression is involved in fetal oocyte attrition [40] . Consistent with previous findings, excessive activation of transposable elements, including LINE-1, in E13.5 XY sry-germ cells precedes such meiotic defects as the ectopic accumulation of DNA damage signaling, increased frequencies of asynapsis, and extensive impairment of crossover formation ( Figure 3F , H-K). Moreover, expression levels of Atrx and Suv39h1, which are involved in the suppression of retrotransposable elements via trimethylation of H3K9 and the promotion of heterochromatin formation, were significantly decreased in XY sry-germ cells. These data raise the possibility that the failure to silence retrotransposable elements, as a consequence of downregulation of Atrx and Suv39h1, is followed by meiotic defects.
Deleterious effects of the Y chromosome for XY sry− oogenesis and fertility
The fertility of XO female mice strongly indicates that genes expressed from the Y chromosome are involved in oocyte depletion and impaired fertility in XY sry− females [32] . However, other than the function of Sry, little is known about the function of these genes.
To date, mice that bear many types of Y chromosome mutations have been reported [18, 33, 41] . Using a genetic model of XO mice carrying genes located on the short arm of the Y chromosome, the functions of the Y-associated genes have been investigated [18] . As a Y-linked transcriptional regulator, Zfy2 is essential for promoting Meiosis II in male germ cells [33, 42] , and ectopic Zfy2 expression in XO oocytes led to frequent Meiosis II defects and preimplantation embryo arrest [22] . Infertility of XO mice expressing Zfy2 indicates that Zfy2 can serve as a malignant factor if it is expressed in oocytes [18] . In our single-oocyte RNA-seq analyses, Zfy2 was expressed in 66.7% (18/27) of XY sry− MII oocytes (Supplementary Table S11 ).
This finding supports a scenario whereby ectopic expression of Zfy2 in XY sry-MII oocytes contributed to oocyte dysfunction and infertility. In spermatogenesis, germ cells that fail to synapse their homologous chromosomes, or that fail to undergo meiotic sex chromosome inactivation, are eliminated by apoptosis during the mid-pachytene stage [33, 43] . Zfy2 was proposed to be a surveillance gene, which acts to remove cells with unpaired chromosomes during meiosis [33] . Therefore, it is intriguing to speculate that ectopic expression of Zfy2 in XY sry− females is involved in the depletion of pachytene oocytes rife with asynapsis. Moreover, the other five MSYp genes (Zfy1, Eif2s3y, Ube1y1, Uty, Ddx3y) are also expressed in XY sry− mature MII oocytes. As a result of GO analysis using the DAVID web tools [44] , it was revealed that Ddx3y and Eif2s3y have functions associated with, respectively, "Chromosome segregation" and "Translation." Therefore, it was suggested that expression of Y-linked genes in XY sry− oocytes led to frequent meiosis II defects and preimplantation developmental arrest [22] . Transcriptome analyses at E13.5 and P1 revealed that the Zfy1, Ube1y1, Smcy, Eif2s3y, Uty, and Ddx3y genes expressed in XY male PGCs were also expressed in XY sry− PGCs (Supplementary Figure S6B) . These findings suggest that Y-linked genes might have detrimental effects on fetal and perinatal oogenesis. Another possible explanation for impaired oogenesis in XY sry− females is the presence of asynapsed XY chromosomes. In XO female mice, it was shown that oocyte numbers are reduced to nearly half that of XX females in neonatal and developmental periods [45, 46] . Recently, Cloutier et al. showed that oocyte elimination in XO mice is linked to the presence of γ H2AX on asynapsed chromosomes [30] . Consistent with this notion, we found that 16.7% of XY sry− oocytes did not evince γ H2AX signals ( Figure 3I) . Previous studies demonstrated that the X chromosome of XO pachytene oocytes frequently engages in nonhomologous self-synapsis, thereby evading the meiotic silencing of unsynapsed chromatin [33] . Thus, it is possible that γ H2AX-negative XY sry− oocytes are capable of meiotic progression by nonhomologous self-synapsis of, respectively, the X and Y chromosomes.
Failure of oocyte cyst breakdown and follicular maintenance in XY sry− females
Oocyte loss in postnatal XY sry− females was drastic and distinct;
thus, oocyte cyst breakdown may be closely related. It is known that Foxl2-positive medullary granulosa cells are important for precise oocyte cyst breakdown and primordial follicle formation [47, 48] . Knockout of Foxl2 in granulosa cells impairs cyst breakdown by inhibiting granulosa differentiation and the proper establishment of basal lamina around the forming follicle [27] . In this study, expression of Foxl2 and apoptotic oocytes were significantly decreased in XY sry− female gonadal somatic cells compared with WT ( Figures   2C and 4D ). This might be related to the excessive proliferation of connective tissues and collagen fibres that we observed in the medullary region of P1 XY sry− ovaries ( Figure 4A ). Thus, regression of granulosa cells and a decrease in Foxl2 expression might be involved in the impairment of oocyte cyst breakdown and primordial follicle formation in neonatal XY sry− ovaries. However, the major elimination of XY sry− female germ cells occurred in the fetal stage via delayed cell cycling, meiotic defects, and excess transposable element activation. On the other hand, decreased apoptotic oocyte in the P1 stage merely indicated the failure of oocyte cyst breakdown. Therefore, we believe that decreased oocyte numbers and decreased apoptotic oocytes at P1 are independent phenomena. Furthermore, it was reported that Foxl2 deficiency was also associated with premature ovarian failure [27, 49] . These results suggest that follicles in the cortical region undergo aberrant activation via decreased expression of Foxl2 in XY sry− ovaries, leading to the precocious exhaustion of oocytes prior to the pubertal stage.
Conclusion
The present study suggests potential molecular causes that underlie germ cell loss in XY sry− sex-reversed female mice. These results should contribute to our understanding of disorders of sex development in humans, such as Swyer syndrome, in which patients with an XY karyotype present as anatomically female and exhibit infertility consequent to mutations in Sry and Map3k1 [50] .
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Supplementary Figure S1 . Blastocysts were stained with anti-OCT4 and counterstained with DAPI. Supplementary Table S1 . Alignment and quantification statistics for each RNA-seq library sample.
